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NOMENCLATURE

area, t¢2

albedo, non-dimensional

distance defined in Figure 8

radius d;fined in Pigure 8

element of planet surface area, r¢2

cvlinder dialeter; ft

view factor for flat plate, nen-dimensinnal
length of cylinéer, ft

altitude ahove planet surface, nautical miles
solar energy rate reflected per planet unit area, Btu/hr-ft2

total energv rate emitted per planet unit area, Btu/hr-ft2

energy rate emitted or geflected per planet unit area in
the direction , But/ur-ft2

radiant energy rate received by vehicle, Btu/hr
radius of sphere or hemiaphere, ft

radius of the planet, nautical miles

solar constant, Btu/hr-ftz

radius nf integrating hemisphere, Figure 8

area of flat plate, re2

distance defined in Figure 8 or Figure 11

angle hetween vertical to vehicle and cvlinder or
hemisphere axis or normal tn flat plate, degrees

angle hetween normal to planetary element and vector to the
vehicle, degrees
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spher ol avdainate  desroes

spherical ordinate aof the horizon as seen from vehicle, degrees

distance hetween planet surfuece element and vehicle,
nautical miles

spherical ahscisua, degrees

angle of retation of the avxis of cvlinder or hemisphere

. or normal tn flat plate ahaut a vertical tn the vehiele,

measured from the plane of the earth-vehicle and earth-sua
vectors, dcgrcel

apgle hetvoen axis of cvlinder or hemisphere or nermal te

* flat plate and the vector from the vehicle to the p!lnetarv
.ele-enial area. degrees

angle hetween vehicle-earth vector and the vector frem the .
velntele vo the planetarvy elementy! srea, degreee

anele hetween earth-sun vector and extended nermal te the
planetuarv elemental area., degrees

angle defined 1n Figure B degreexn
angle defined in Figure R, degrees

angle definued 1n bryure 14 Ve

etc. = refer ta various 1ntersections an the planctary sphere
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ABSTRACT

)]

A prerequisize 1o tn: —-Jdch’aeut.d & sysie- for the thermal
cartro) sf a apa:e vehicle 18 « ciear and compicte definition of the heat
sour::s and sinks 1n space, and .ié¢ modes and magnitudes of heat transfer.
The study presented Jnmme :a .rterded to prov.de thix 1nfarmation, haned upen
the most reliabie data ;wusmaaadey ava_labhie. The curves ani tahulated data
given proviie a complete wapp:ng of the space thermal rad:ation eaviremmest
throughout the solar syvstes Direct soiar radiation. p&aneta;y alhedo, and
planetary thermai radiation are cone:dered for vehic.e surfaces of spherical,
hemispherical, evlindrical aad flat plate cornfigurations. By combining these
shapes and/or building up a :ompss.-e >f flat surfaces. heat incideat te
space vehicies of any configurazion, lo:ated anyvwhere 1n the selar system
can be obtained. Fop convenience, the hulk of the data -8 givem 1n curve
form in Supplement AAfor hand computat_on and -ompa-isin purpeses aad im
tabular forw in Snpplelent‘ﬂi 3r use as automar.: digi<al computer data
input. '

In\addition. internal heat louds which are quite uncertain feor future
vehicies: are discussed in light of eatimatean based on presently propesed
mission

s
A

work represents a paortion of the study heing perfermed uader
Convair Astranautics RFA. 11i-9:2}.

¢ pAD-27¢ ¥5</
4 402 sss
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INTROMICTION

Development or desipgn of a system for contrelling an environmental
factor must have as a prerequisite a thorough understanding of the magnitude
and character of that facter. In the case of thermal control for space
vehicles it is necessary to clearly define the heat sources and sinks, and
modes of heat transfer available in space., The study reported herein is in-
tended to accomplish this, based on the most reliable information currently
available., This represents the second part of a larger study program
being conducted under Convair Astronautics REA 111-9121. The first part
of the program was reported in References 1 and 2 and includes a detailed
literature search of the subject and summaries of discussions held with
a number of specialists in the field describing their current activities
and proposed work. The following parts of this program will describe
studies of control techniques and their effectiveness and application to
the various pheses of space flight and types of vehicles,

This report presents the results of parametric analyses of direct
solar radiation, earth thermal radiation and albedo, to provide a means
for defining vehicle external heat loads. Elemental vehicle shapes, in-
cluding a plane surface, are considered with attitudes and altitudes as
parameters. Use of the data presented, combining varicus shapes where
necessary, will permit the calculation of the basic external heat load
in space of any vehicle configuration. Internal heat loads, which are
quite uncertain for future vehicles, are discussed in light of estimates
based on presently proposed missions.
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Environmental Analvasis

The :rowing activitv in the fi1+1d of space vehiclex has generated
a similarly growing demand for means of maintaining safe operating f{empera-
tures within these vehicles. HRemaved fror the atmosphere and 1ts thermal
influence, the space vehicle derives its temperature coantrol through the
regulation of thermal radiation. Temperature rise of an object in space
must he the result of 1nternal heat dissipation or radiation ahsorbhed at
its surface. Temper.ture fall must, 1n the leng run. be the result of
radiation emitted by the surface. Internal heat dissipation will 1n
general, be defined by the specific mission requirements, leaving radi-
ation control as the prime means of temperature regulation It 12 possable
to use such schemes az evaporative mass transfer for cvoling or i1nternal
electrical heaters for heating but such methods are not practical for
long duration flights due to the pavlead penalty.

As a consequence, the study of temperature control for space vehicles
must he focused on radiation contreli; which hecomes meaningful only after
a thorough knowledge of the thermal radiation environment 1n space has been
ohtained. This environment, for purpo=es of this report, will he referred
to as Natural Thermal environment, in contrast teo the term induced thermal
environment which applies to the heat load pgenerated by the vehicle
operation, its crew and equipment. This natural thermal environment 1is
made up essentially of three sources; direct solar radiation, planetary
thermal radiation, and reflected solar radiation (planetarv alhede). The
contribution of each of theme sources 1s analvzed in detail 1n the follew-
ing sections. In addition, the much mere nehulous prohlem of the induced
thermal environment has heen znalyzed in a general manner. This tvpe of
treatment is the hest that can be done until missions and vehicles hecome
more firmly estahlished and equipment details, which will continually
change with the state of the art, become frozen for specific apnlicatieons.
This studv, however, sheuld provide a firm hackground for the evaluation
of control techniques which is the next phasé of the work to he covered
under this REA. Further, it supplies all of the hasic data necessary fer
a complete evaluation of the external heat load to which anv space vehacle
will be subjected and is readily usable for transient analyses where
manual or digital computer techniques will be used.
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&
. A. Natural Thermal Enviranment

The origin of the thermal radiation environment in space is the sum.
Direct solar radiation is ohvioualy the moat sirnificant external heat
source to a space vehicle, hut depending upon the particular trajectery
heing flown, it may he followed closely by planetary thermal radiation
and alhedo. Planetarv thermal radiation is basically the reradiation eof
solar energy previcusly absorhed hy the pianet surface or atmosphere.
While planetary albedo, which is defined as diffuse reflectivity, is the
fraction of total solar energy incident to the planet which is reflected
away by its surface or atmosphere. It is clear, then, that the natural
therwal environment for a vehicle traveling through space must be obtained
by proper summing of these sourcgs; and further that the variations ia
magnitude and directiocn of these heat loads, as seen by a vehicle, follew
rather independent relationships. Consequently, the three sources are
treated separately in the follewing sectinns, however, for albeds and
thermal radiation, the same vehicle confipgurations are considered.

I. Solar Radiation

The sun radiates approximately as a hlack hodv with a surface tempera-
ture of ahout 10,000. degrees Fahrenheit. The thermal radiation received
by an isolated body in space varies, for all practical purposes, imversely
with the square of its distance to the sun. At earth's average distance
(one astronomical unit) its mangitude, usually referred te as the solar
constant, has becn established as 442, +°% Btu/hr-ft2. This figure has
been derived from the reduced data of a large numbher of measurements im-
cluding rocket-borne spectrographs (Rlef. 3, 1). Using this earth-distance
value as a fiducial point, the variation of direct solar heat flux with
distance to the sun, including appropriate values for the plamets, is
shown in Fig. 1. The solar heat fluxes for the planets are alse listed
in Tahle 1.

For the case of interplanetarv flight, the space vehicle will be in
direct sun light aleng practicallv all of 1ts path. Hewever, for am
orhiting vehicle, in close proximitv to a planet; the eclipsing or shadew-
ing mus* he considered. The shadowed regiaon in spice is made up of the
umbra or totally shaded area and the penumbra or partially shaded area im
which a portion of the sun i= xtill visihle. 1An analysis of the influeace,
of passing through these regions, on the heut input to an actual vehicle
clearly shows that the eff .ct of the penumbra is quite small and may fer
most practical purposes be neslected. The umhra cone, hoawever, cam be
very sisnificant, resulting in a direct solir heat input reductios of
greater than 40% for near orbits. Included in Tatie 1, are the umbra
cone angles and apex altitudes for the various planets.



Ll

ERR- AN-0148
Prge 5

11. Planetary Thermal Radiatiom

Thermal emergy in radiated by planets in the same manner an it iw
radiated by amy heated hodv. The magnitude of thia radiation depenids
on the surface temperature and ite emirsion characteristica. The latter
invelves the properties of any atmosphere which may exist as well as the
emissiwity of the surface itself. Comseguently, changes of atmoapheric
conditions, topograpghy, season and time of day introduce variatioms in
the plametary themmal radiatiom. However, neglecting details of ‘the
plamet surface, it is poasible to compute the awerage energy radiated by
a plamet msing a thermul balance based on the solar radiation absorbed
by the plamet. As the temperatures of moat planets #o not vary appreciably
over exteaded perieds, it cam he concluded that the themmally rafiated
energy is egquivalemt to the abseorbed solar energy. Therefore, since the
incident seolar energy and average albedo are well known Tor most planets,
the average thermal radiatiom can be readily calculated.

Usimg $ as the solar heat flux per unit projected area of the planet
{as seen from the sun), a as the planetary albedo, R as the planet
radius, and T4 as the thermal energy radiated per average unit planet
area and time, the emergy balance ds:

(-a)SwR* = 4T R*L, (1)

or

e ()

Uaimg the albedo walues of Table 1, most of which was obtained Trom
Ref. 5, and the solar heat flux data Tor the warious planets Trom Fig. 1
or Table 1; the average planetary thermal radiations have been computed
and are given also im Table 1.

—~p

(2)

Having thus established the magnitudes of the thermal radiation Trom
the wariens planets, there remains only the calculation of this energy
in space &8 it will be intercepted by a space vehicle. To make this
analysis possible in a parametric manner, it 18 assumed that the planet
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surface is radiating uniformly so that the average value appliecs to anv
region of the surface. In view of the velocities and tvpes of trajectories
which space craft may he expected to experience, this appears to he a
reasonable assumption. In addition, since thermal radiation is only
significant for altitudes less than ahout three planet diameters, the
radiation is far from being parallel and consequently the vehicle external
configuration must be specified for a heat flux value in space to be
meaningful. The shapeas considered in this study include the sphere, hemis-
phere, cvlinder, and flat plate. In general any space vehicle shape could,
for practical purposes, be analyzed as an assembly of flat plates, making
it unnecessary to study, in parametric detail, specific configurations
whose analytical treatments are appreciably more complex than that of the
flat plate. Configurations other than those mentioned will, generally, be
in thia area of higher complexity.

For convenience of use only the thermal radiation heating data which
has been calculated for the above configurations; is plotted in reference
to the earth. To use these curvers for a vehicle in the proximity of
another plenet it is enly necessary te correct the altitude heing:considered
to an equivalent earth altitude by multiplying it by the earth to new
planet radius ration as giren in Tahle 1, and using the appropriate planetary
thermal radiation value (I¢{) in the ordinate term. .

a. Planetary Thermal Radiation te a Sphere

For a spherical hodv, the geometrical relationship shown in Fig. 2.
The radiant heat flux, incident to a sphere of radius r, froem the
element of planet aurface ds is

_ Tr* I ol
Jz e S

(3)

where Iq( :It C’owm the energy radiated in the direction
determined by o .
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Then:
dg = CLicoxds 2
Making the following substitutions:
H=h+R | ()
3 | Coro ¢ = Heowd& - R . (6)

53
A=

il

R?*smm & JG'JCf (1)

f)z = R*+ H* -2RH o0 (8)

?3\‘
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The total incident heating rate from the planet to the sphere is.

T o,
g = 2r *R*, | |Wemb-R) sm® Jodp |,
R*+ H>-2RNeev) >
o

(~]

which after integration and substitution of 6009‘0 = R/H yields.

1 q = z - J2Rht h*
g=2Mr" I, (1 9 | (o)

FPigure 3 shows the value ?/)T""‘It which is the planetary thermal
radiation to a sphere per unit of great circle (or projected) area and

per unit of surface thermal radiation, as a function of the altitude abeve
the earth surface. The It term is included in the qrdinate scale
definition rather than in the curve plet itself to préclude ohselescence
of the curves in the event a more accurate value for earth alhede is
determined in the future. At present thereis a minor disagreement among
the data of various investigators as to the exact value. The 0.40 value
given in Tahle 1, appears to bhe the most likely value at present.
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b, Planetary Thermal Hadiation to a Cylinder

For a cylindrical hedy, the «.:mxnfﬁm;rmtimm ia shown in fig. 4. A
new variahle, the attitude of the cylimnder with respect te the plamet,
defined hy the angle Y , has to he considered.

The radiant heat flux incident te the lateral surface of a cviinder

of dissmeter D and length L from the element of planet surface ds isz

_ DLsmA T, wsx ds |
d%‘ 'ﬂ'f" (n1)

where DL sin A is the projection of the cylinder surface as seem

from ds , and Ty coou/«r is the energy radiated im the direction OC.
The values of H, Ce0( , ds and f" are given again by equatiom (s)
through (8)

The value of sin A is.

Sv;aAf-Jl — (oo Sma‘+5«fn$wz‘a—a¢)’

(22)

where

(13)
£

~3

f (14)
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o Afi{er substitutions and some algebraic manipulation, the total incident
heat flux from the planet to the cvlinder can be written as:

e .
= ZDLIJE iﬁtagﬁ'-wsme'

g X
w | 2. p2 2
) Yo (H*+R%“22Hco00)

('15)

,\/ A +Bcgo ',¢"‘C.W1¢7JF’ 9@'¢

where

A= R4H - Heodr - ZRH'm-GSA'o"_a" R0 coa g (18)

3 . .
B = 2R smBcooO-5um N cood -2 RHsimBsim2t cog A (a7

C = R Sim 0 s (18)

The expression cannot be integrated analytically; a numerical
integration is required. To perform this, and other numerical integra-
tions mentioned later in the report, the snlutiens were programmed on an
automatic digital computer. The rasults are plotted in Fig. 5, where
the values of q/DL1{ are given as a function of the altitude above the
earth surface h. with the attitude angle‘J‘ as a parameter,

To apply these curves to a vehicle in the proximity of a planet

other than earth the same procedure and correction term as given Tor
the case of the sphere and as listed in Tahle 1, may be used,

R
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¢. Planetary Thermal Radiation te & Hemisphere

For a hemispherical body, the configuration is shown in Fig. 6.
The orientation parameter, * for the hemisphere although similar
to that for a cylinder, must assume values throughout 180° since the
hemisphere is only symmetrical about one orthogonal axis.

The radiant heat flux incident to the hemispherical surface of
radius r from the element of planet surface ds is:

- VaTr*(coa+ I) Tpcoood ds
LE 2

: t N .
where '/Q_Trr (CWA 4+ ') is the projection of the hemispherical

surface as seen from ds and T¢ cOOOC /ﬂ" is the energy
radiated in the direction OC o« The values of H,C000L , ds and ft
are given again by equations (5) through (8).

(19)

'

The value of COV A s
CooA = coo §coo o + S 854;' r\zrv¢ (20)

where €O g and SM g are as defined in equations (13) and (14).

After substitutions and algebraic manipulation; the total incident heat
flux from the planet to the hemispherical surface can he written as

T o,
g - It_rz/ez ' Hm&-ﬂ)sd» & JG’J¢
(H*+ R*-2RH0 O) M

O 0
T

455 . (21)
+J J(Hcao@-—k)&m & (A+B oo $) dodd

(H2 +R*-2RHwO &)
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b

where

- Heo A = Recea @ coo
Rosuvn & sun P

The first term of the integration may he performed analytically to give the’
heat flux as follows,

g=I,r" [TI‘(I— Jzz:m") +

(22)
(Hecs & -R)sm8 ¢, .
J J (H2+R2 zm; a Dcos@dedﬂ

The second term was integrated numerically.
Fig. 7, where the gemetric factor q/-"-ri-lt is given as a function

of the altitude, h, above the earth's surface with the attitude angle N

as A parameter, These curves may be used for other planets as explained
for the case of the sphere.

The results are plotted in

—~e
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d. Planetary Thermal Radiation to a Flat Plate

For a flat plate a similar integration method may be used. Heow-
ever, a much similar solution casr be found by resorting to a geometrical
method of ohtaining the view factor.

It can be proved that the view factor of a surface from a small
flat plate can be geometrically determined as follows. The surface is
projected from the viewing point onte a sphere having its center at the
viewing point. The image on the sphere is then projected onto the plane
of the small flat surface. The view facter is then determined from

F . _brea projected on plane

Tp*

where f? is the radius of the sphere.

For our case the surface is the region of the planet whieh the flat
plate can see, and the radius of the sphere is taken as the distance
between the plate and the tangency point T, as shown in Fig. 8.

The general case is that in which the plane of the plate intersects
the planet, and will be analyzed first.

The area of the circular segmemt A} is:

A = Td*w, _ d*inw, (23)
! 360 2 '

Te obtain the value of Ct),

w, = 180°-2 ¢ (24)

y = sin”’ b/d : (25)

‘b - h+X
LAt (26)



h+x = peindo

Sin &, = P/H
hix = PyH

.'= P
e H1&n 1

and since P = JH: _ z::

W, = 180 ® =2 5/~ ' AH-R*
Rl

The area A, is aubstracted Trowm Wd"

The area of the circular segment A3z is:

A STpits _ prswmad,
3 360 2

ERR-AN-0186
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to give AZ

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(33)
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"> . For a similar way as for CL)' it can be found that:
?
LA T _pa ’
S
Then, projecting the areas Ao and A3 on the plane of the flat plate,
and dividing the sum of thexr projections by 77iF? the view factor
is obtained.
The resulting expression is:
) (H2- R
F = s rao 250!
Hsm 2
H-2*)| | ( r*
« 211‘ Han 2 H
<@ ] ‘ ,

- R 180°-2s1n (J“"'Rt )]

300 H?
| 2 ;p-..g (37)
+ — -’-2-— sin|2emn” { cos
2T Rﬁmb‘
A much simpler expression is obtained when the pltne of thc
plate does not intersect the planet. In that case, A " a.ndA ut

Then:

2
£ = -A;f_“’r - -g—;cmb‘
TP H

(38)
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In either case, the total heat flux from the planet to the flat
plate ia given by: )

1-: ItFP ' ' (39)

where F’ is the area of the plate. Figure 9, shows a plotting of

the thermal radiation te a flat place as a function of altitude with
the attitude angle ¥ as a parameter. Again, to apply these curves
to planets other than the earth, the procedure given for the sphere wmay
be used.

II1I. Planetary Albedo

As mentioned earlier in the renort, planetary alhedo is the ratio of
reflected to zptal incident seclar radiation. As such, the units of the
term albedo are unity, however, as the expression has been heing brought
into discussions wmore and more frequently in recent vears it is now often
being used to mean the reflected epnergv itself. Whatever the final
precise definition of the term, it clearly differentiates the portion of
the incident solar energy which is reflected by the planet from that which
is absorbed and reradiated.

The average albedo for planets located up to 10 astronomical units
from the sun ies known with reasonadble aceuracy, the value for the earth
being the least accurate., Extreme values of .29 to .52 for the earth
are considered acceptable for specific times due to daily as well as
seasonal variations in c¢loudiness and surface conditions. The value of
0.40 has been selected as a likely average and is given in Table 1.
This value, which has been frequently used in the past may be superaeded
in the future by a number closer to .36 which has been recommended by
Dr. Sigmund Fritz who has compiled a number of recent measurements made
in diverse areas of the world under varying weather conditions. The
current satellite programs will undoubtly provide a highly refined
evaluation of this in the future,

At distances greater than about 10 astronemical units from the
sun the accuracy of the planetary alhedo falls off sxgnxfxcantly, due
to the very small magnitude of the reflected energy.

To permit a parametric analysis of the solar energy reflected from
a planet, the same assumption which was made for thermal radiation; viz.
a uniform planet surface with regard to radiation characteristics, will
be made. It is further assumed that the planet surface reflectas diffusely
i.e., it obeys Lambert's law. While these assumptions mav not he entirely
accurate, particularly for the earth where large hodies of water exist;
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their use can in general he fully ju-tified by consideration of trajectories,

orbits and velocities ahich the veh:cies, that are heing used 1n the
analysis, will experience,

Based upon these assumptions it is clear that the reflected energy
will have a cosine disiribution, not onlv with respect to the angular
radiation from a given area, but over the sunlit surface of the planet
as well. This considerably complicates the preblem over the case of
thermal radiation with the reault that a direct analvtical solution is
not available even for the case of 2 spherical wvehicle, and for the cases
of vehicles other than a sphere the numher of computations is greatly
increased due teo the increased numher of variables., The result is that
some 97 pages of curves are necessary to adequatelv deacribe reflected
heating to the sphere, hemisphere, cylinder and flat plate which were
used in the thermal radiation analyses. As a consequence of the bulk
invelwved, these albedo heating data curves are being published as
Supplement "A" to this report, while the same data, in tabular form,
especially useful as computer program input tadbles are being published
as Supplemeat "B*.

As in the case of the thermal radiation analysis; the heating data
is pletted in reference to the earth, Also, the data may be used for
vehicles in the proximity of other plamets by applying the same radius
ratio correction terms to obtaim an equivalent earth altitude, and then
using the appropriate ordinate multiplying factor given im Table 1. This
factor takes into account the albedo and solar heat input to the planet
considered.

a. Albedo Radiatiom to a Sphere

Considering the reflected (or albedo) heat fiux incident to a sphere
in space, the most general configuration is given in Fig. 10. As in the
case of thermal radiation, this heat flux to a sphere of radius r
from the element of plamet surface ds, is:

Wl

&( ]I_i;"]clxglifs

’9

where 1o = Ly €oa X /” in the fraction

of reflected solar radiation in the direction determined by o . It is
the total reflected energy per unit nf planet surface, and is given by:

(40)

I, =Sa cmf
(41)
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Where S is }.he direct solar heat flux normal to the sun direction,
a, the albedo and & ) the angle hetween the verticzal to the planet
surface at ds and the direction to the sun, as shnwn in Fig. i0. Then,

dz = %“i Sa coo X oo ds 2)

[09 o<, ;’(9 3"4 F" _ are given by (8), (7), and (8).
The value of co-o,@ is:

Cﬂ/@ = me'craé; + S 9'5/’)63 co9 ¢ (43)

where 9‘5 is the angle between the heated body and the sun.

Substiiuting these expressions in (42) and integrating for € and 4)
3 can be obtained. However, careful consideration has to be given

to the limits of integration. Two cases should be considered, as
illustrated in Pig. 11. The first one occurs when the region of the
planet seen from the satelllte is completely sunlit. This condition can
be expressed as (S, & T, /.2_ 6’ ), and the limits of integration
are O and G for G and 7 for (the integral with respect
io0 ¢ is multiplied by 2) When the region of the planet seen from the
satellite is only partially sunlit (-Q°773_ ~&q ), a variable

upper limit for has to be introduced. It is convenient to perform
the integration Yor two regions- the first region (laheled @ in the
figure) is totally sunlit, and the limits are o 6’5 for -O'J
O to TT for . The limits for rewlon are 7T/ < to Gy
for © and to 77—/-2_ + ﬂm-' :

for . This variable limit can be oh alned aq fo lows. From Pig. 11,

it i'r immediate that

7 =Z+)

(44)
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Also = [RecooE& d;f 6’5 (45)

and semh = 2 = Jgfeg J'?O’ ' (46)

Remne

Therefore p = T/g_ +5m”(47§ 9‘5 J?.G) (47)

Finally by adding the integrals over regions / and 2, the total solar
radiation reflected by the planet incident upon the sphere is:

j - l? ’66 s
g - 2rtSa R? f j(;' 296 -R)roSeoaby *5”;655:9,:09])5/):94/&#
) 4 (R -2RHa0e)
o,  Wrngo.Ho)

+ (D -la)(ca-a 8096, +5in 6 smD; f"ﬂ¢) 5"’9‘(’1&} )
(2™ +H* ~ ZRHcso D)™ J

-6, 0

This equation holds for '65 <7%_ . For 952"-/2. the 'first
term of (48) disappears and the lower lower limit on ¢ of the second
term hecomes 95 _.77’2

Integration with respect to ¢ is immediate, not so with respect
to 9~ which requires a numerical method. Figure 12 shows the value
of g/ﬂ-r‘lsa which is the heat flux to a sphere per umit of

great circle (pro,jected) area per umit of refiected solar radiation; as
a function of altitude above the earth surface, with 9'5 as a parameter.
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h. Aibedo to a Cylinder

Like the solution for alhedn to a sphere, the alhedo to a cvlinder
is computed by a similar numerical method, however the intezrand is
more comnlex since two additional parameters defining the attitude of
the cvlinder must he included., The general configuration is shown in
Fig. 13.

The radiant heat flux inecident to the cvlinder lateral surface eof
diameter D and 1length L due to reflected solar energy from the elemeat
of planet surface ds is:

c Am A d
dﬁ - DLIfo:AMA S (49)

where I“ = I,coq_ot/n" is the fraction of reflected

solar radiation in the direction determined by ol . I , is the tetal
reflected energy per unit of planet surface, and is given by equation {41)
where S is the direct solar heat flux normal to the sun direction, =&
is the albedo and /& is the angle between the normal to the planet
surface and ds and the direction to the sun as shewn in Fig. 13,

DL S A is the projectisn of the lateral surface of the cyliader
as seen from ds. With the symbols defined, the elemental incidemt flux
to the cyiinder may be written

do - DLSA coroBcovok sumAds
Y- . et (50)

o ()(lds) and f" are given hy (6), {7), and (8)

M A is given by

. Y,
Send ={1- [mScmr+54mS%3‘va¢’¢¢)]2} * 1)
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where Cﬂ@i and %garo as defined 1n equations (13) and (14).
The angle gﬁg is one of the attitude parameters heing the angle of
rotation of the cylinder axisa about a vertical to the cylinder.

‘ = O when the axia lies in the plane containing the earth-
tvlinder vector and the earth-sun vector. The angle 2* is the
other attitude parameter heing the angle between the vertical to the
cvlinder and the axis of the cvlinier.

The value o? cznvﬁE may he expressed as given in (43), whore'fah
is as defined for albedo to a sphere and mav he referred to as -the
zenith distance Trom the wehicle to the sun and <9~ and are the
variahles of integration. A#ter asubstitution and integrating with
respect to €~ and ﬂ w @ can be obtained., Again as in the case of
a sphere two cases should be considered, the Tiret heing when the entire
marea of the planet seen from the cvlinder is sunlit, and the second
being when the area ia only partially sunlit, i.e., the satellite can
see & portion of the terminator, in which case a variahble limit for
is reguired and is again given by (47). Recognizing symmetry about the
plane containing the earth-vehicle wector and the earth sun vector
total reflected solar heat flux Trom the planet incident on the cylindri-
cal surface cen be written for «9—5 £ 'yz as:

-8, T

. *ﬂmw%ﬁéﬁb (52)
AM__ deddd

2DL SaR*

ﬁ'-: - — |

where A = Hcogd -R
B = 0050000 +oinmBy smSeoo P
C =smo
D = JfR*+H2 —2RNsW* #2096 - 4200 N — R co0 P oot

- ZKHca-a P sim B\s-wre'coo@-@)

+22‘cmz\sm3‘w6‘wo6m(¢ -$)-r" "B\s,mf‘eca;@-@
E = R™ H*-2RHco0S ;

-
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When %{—_ esé%+9° the integration limits change

and integration occurs over only one zone with limity given aa follows

e, TFQ-!-S%"C(T@,B_:. Ci'a,ej

_ 2DLSa R* ABCD gp o
¢3 w E* gb
‘9.‘12_ o

(53)

The heat flux integrals (52) and (53) have been integrated
numerically on an IBM 704 computer. The results are displayed as the .
geometric fmct-or,( /DL$0-> as a8 function of altitude with

zenith distance, 45»5., angle between the vertical to the cylinder and
the cylinder axis J and angle of rotation, ¢¢ s of the axis of
the cylinder about the vertical to the cvlinder referenced to the plane
containing the vertical and the earth-sun vector as the three parameters.
This graphical presentation required 22 sheets,each for a constant ¥
and c and are presented ir Supplement A, The values considered for
the attitude parameters were Y* « 0°, 30°, 60°, and 90° and simul-
taneously (e = 0°, 30°, 60°, 90°, 120°, 150°, and 180°. The parameter
need only be considered to 90® as the cylinder has end-for-end
aymmetry,

The geometric factors computed for the earth may be applied to other
planets by applying the radius ratio correction term and ordinate multi-
plying factor of Table 1, as described for albedo to a a sphere.

‘c. Albedo to a Hemisphere

The solution for albedo to a hemisphere is very similar te that
for a cvlinder, the two major differences heing that the expression for
the projected area of the hemisphere with respect to ds is somewhat
different and that values of X from 0 to 1R0°must be considered as
end-for-end symmetry is not present. The general configuration for
albedo to a2 hemisphere is shown in Fig. 14.
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The radiant heat flux incident teo the hemicpherical surface of
radius, ¥ , due to reflect«d solar energyv from the planet surface, ds
is:

!

Iy T2 (H' co0d) Tu ds
dg - 2 Fr (54)

where '/aTrr'"(H-ca'vA) is the projected area of the hemispheri-
cal surface as seen from ds and the remaining symbols are as defined
for a cylinder. Recognizing the symbols of (54) to be defined the same

as for a cylinder, the elemental incident heat flux to a hemisphere =may
be writteg

dr - BTrSa covBeoon (+covd)ds
77"’0"" (85)

CO04A 1is given by

mA___maAmS+MD‘WS‘NC¢’¢¢) (58)

with the terms defined as for the cylinder solution.
cov /5 ~ is again given by equation (43)

oo ot ,ds and P are given by (8), (1), and (8).

The integration techniques and limits are as defined for albedo to a
cylinder. The total reflected solar hecat flux from the planet incident
on the hemispherical surface can he written for 9"5( "'/1 L
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172'95. w |
4= r*sar> A'b-c-é{F+ F) Jdedd
o o
o, -W,j‘.‘:l;"-‘ (& 393'4'&@

T A-BC (JE+F) dode
EE!

(57)

' 1'5?5 (o

where

Heos© -R ) ,

- 008406 +smé$$4m6-m¢

I

R+ H* -2RHco0 O~ . .

H oot ~R cr0 2\ co0O + Rom¥ s4m B ool -¢,)

T O >
L}

When 1‘7&. & = N < Tr/g +6o the heat flux te the

hemisphere is

o.  Tarsin'thorty &)
% = r*sa R’ A'B-c ([E+F) Jdodd (58)
E%

8- “o

The heat flux integrals (57) and (58) have been integrated numeri-
cally on an IBM 7090 computer. The resuits are disglayed as the
geometric factor %/ﬂ'r"sa_ as a function of altitude with the

three angles 4;%5 N » and ¢ as parameters. This graphical
presentation required 37 sheets,each for a constant & and QQC and
are presented in supplement A.
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The values considered for the attitude parameters were B‘ - 0%, 30°,
6#0°, 90°*, 120°, 150°, and 180° and simultaneously ¢z= = 0°, 30°, 60°,
90°, 120°*, 150°, and 180°, :

Again the geometric factors computed for the earth may be applied
to other planets by applying the radius ratio correction term and
ordinate multiplyving factor of Table 1, as described for albedo to &
sphere,

d. Albedo to a Flat Plate .

Considering the albedo heat flux incident on one side of a flat
plate in space, the moat general configuration is given in Fig. 15,
Development of the integral takes the same form as that for a cvlinder
or a hemisphere. The heat fiux incident to a flat plate of area, P,
from the element of planet surface, ds, 4s:

ﬁla;.‘z Peorog AT ds

(59)
ft

where {Fﬁhaﬂbls is the projected area of the plate as seen from ds.
Recognizing the remaining symhols to be defined as for & cylinder (59)
may be writtien as

(60)

da = PSa. couBcogxX covA ds
‘ : A
coo I ,ds.&nd )0 are given by (6), (7), and (8).
coo S is again given by equation (43). .
coo A o given by equation (56) with the terms defined
as for the cvlinder solution. The total reflected solar heat flux from

the planet incident on the flat plate can he written as an indefinite
integral,

.
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o)
"

A C: CZQ-FF{) C!€>tx45

(81)

where A, B, T and E are as defined for a cylinder

P e Reun ¥ sin Scoo@-4)
6 = coqPr(H-Rcm B

The problem of limits for the integration of (61) is severely compli-
cated by the fact that the plane of the flat plate may cut off portions
of the sunlit area of the planet.

The limits considered are discussed with respect to the computer
solution of equation {61). Two major conditions are considered, one ie
if the flat plate sees the sunlit surface of the planet with the plane
in which it lies not cutting any portion of the sunlet area, the other
is if the plane of the flat plate cuts the sunlit area. If the plane
does not cut the sunlit area, two conditions may be involved. Either
the plane sees a full sunlit zone, i.e., does not see the terminator, in
which case equation (61) becomea

2 S,
- 2PSa R /&.E5,<:..(§54.;i>
3 =

dedgp ()
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o the plane sees part of the terminator in which case when 69‘ 4:1;€£

(82) becomes
o o Wa-Cs T , '
_2Psa A-B-C(G+F) do-dd
E >

O
€, TV:.*’-""” l(J- 96‘136)
+ j g A-B C-Céi+F)AeA¢ (s
LY

%4-O5 o

when Tr/z é'esl: 124-9'5

o. Wt son'(et 96y afa 1))

_2PsaR* A'B-C (6P Jodp
%— Tr Ea. (54)

e’s .WL o

The problem becomes more complex when the plane cuts the sunlit
area as the limits of ©-and are determined by more complex equations.
If the plane cuts the sunlit area but the plane does not see the

terminator, equation (61) becomes for -93<T%_ and f\<1|71'
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- pﬁ& E’. ' B C-(GtF
Z - A £L (4 ) JOJ¢
o

—

. ~1f Rsees
11‘*4; +otm | a"[m ozlm‘-lllncaoe -
e, 2%
o an

+ A'Bé_fcq+§déc'¢ |

Yo . -1f RomE-
I _[1/;’._4)‘_*5“4"0«[@0'(@7.@_%:’1]};5)

. 1amn

where 6’, was determined from the equation

‘I]é =sn” [ (Ik' tm*-znzn‘m“—q)] (s8)
>

Tan

by the Newton-Raphson iteration procedure for determining roots. Fer
7%_(3\ <‘;‘L+eo , 9 is given by equation (65) with the first integral

term eliminated. It should be noted that for Y >Iyz "eb, 7«-,-0
i.e., the plane surface does not see the earth. ’

A number of forms of the cquation (61) are possible if the plane of
the flat plate cuts the sunlit area and also sees a portion of the w75
terminator. For the case where the plane of the flat plate for ]‘( /2

intersects the terminator in two pm‘nts(¢3 'Oa)amd(¢4)94)m:d -esaml e4>&
4

P3Py 5 @y KT caontion (R1) becomes

-
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AT (ST |
“ 4= PSW?:R J:g gA'B'C;(G*F)AGJQ
0 T
fosior {“’"Im Cz%ﬁmﬁ}

1—
A-B- Céﬁ*).demp
® M- @m"{mﬂﬂ %*%4%@;17}]
W i '(%%‘9)
+ Aﬁc(q+r)ﬂ’gd¢

Ez

’ [v{w ¢)+m‘{m[ %ﬁ}]

*m‘{d‘aﬁ,ﬂ%ﬁ) -
rjA g,c_(qw:)de,w ‘.
L m“‘('*a &%°) '

where ‘oi tg's were #etermined by the Newton-Raphson method from the
following equations, respectiwvely,

—n({}aasdé,ﬁq) ¢ + Sn {"‘*“\ m"a‘i‘w (68)

1z
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S~ (JQGSU%e) Q- stn [&"”[ ol Rs::t?:zaume }} (69)

tomn
For ¢ )'Tl' two conditinrns may he consideredsIf %—95 <‘9‘,

equatxon (81) becomes

] [ oo

B,  Tursw(H505959)
+S‘ ABC(&,W)J&J‘?
%8 «[%wm“'(dr%@,ar&e)]
[ RS
o ’Z+¢‘+sm"{“‘ "“'(Jm)]}
+( ABCCGI+F)&I€J¢
Ez

= -P/;’_+5;;."@ﬁa5a"ée):'
}g_rym é?l B Ja‘)
( A

A”

B- c (_C-r* F) dod¢
& -B b+ Som {""‘["“d(?wu*-stMmQYJJ

8, g Y +oin (g 05 95.6) ]

+

+§ ABC(GHF) Jpdd
E*
&3 V[ 4 s (A0 19 ©)

(70)
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'6313 determined by equation (69)
'9 is determined by the following equation
-y ste'4
7T+s|m (da»ﬂsd%’e'o ¢¢,+$w (GM [ LR.‘H u‘*-zmmoe]}
Tan o~ (1)

If -%-95 > 9' the limits change somewhat,

S ‘S A B-C(GHF) lodé
EI.

0

- Psa 12"[

R

-0, T+t sdn"'{'(zm [e5 %Jl?é"ﬂ—e?‘iﬂ}

ar- Heoo
A BC'(6+F)JGJ¢ ‘

* Pt (B (%"5]}]

-1 |Zs P - - }

Tyt Pet sim -.{u« [ 2R Head

4 v
+S Abcl-é"”:)dealcp

£o -WM'@%M?@]
T +om” '(d%esd@ev)
S Aefc(Q+F)ded¢

PA [_:4_ he +oum™ {"‘"‘ [ ,;T”? m@j}

T +oon '@faa ) =
f A: B“CJGW)AaAcp

..['y +swa @’39 (J"aé’)

(72)
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For the case where the nlane «f the fiar nlate :ntersects the fterminator
in one pmnt(¢4 ,E4q) and the circie defined hy & - - Q,in nne paint.

_(@3) o) and ¢4<‘n ermation (61) hecomes

o; [

l\‘1:>‘;§;<2;"';)‘¢{G>¢14b

o T
17 R3Ca >
g T+ +oim '{ ad G kvv;u*-zmlmeglj}
loan &*
+5 A'a’;‘ CLIPYY
o ' Bsmﬁ‘____
b, "[‘yz"¢¢. +5un tan [cog’ R™H "—mumo)]}]
Tan
e, Wy +oun '(dg,ésd‘g«e) —_

+ AE‘:C (Q*F) JQJ¢

44 ..[y/.@ +5um {‘“*‘[‘“’ '(jfmiu—«n_s')}]

where ‘04 is determined again by equatien (6R).
For ¢4 DT tweo conditions are again considered.

It %"93 <9, ejuation (A1) hecomes the same as (70) except the
last term is eliminated and the upper, limit, 03 for the fourth term
is replaced by 9, .

(73)

It 7/2 &,)9) equation (A1) becomes the same as {72) except the
last term is eliminated and the upper limit, 6:’, for the feurth term is
replaced by @,
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For the :ame where the plane nof the fiat plate intersects the circle
defined by & = @in two pnints(¢4 'Oo) and (¢3 )eo)fnr%—&’v<e'
equation (A1) becomes the same ns ecquation (70) with the last term
eliminated and the upper limits of the third and fourth terms replaced

by ©g - For Y-85 2>©r, equation (A1) becomes the same as equation (72)
with the last term eliminated and the upper limits of the third and fourth
terzs replaced by € .

For r}%t similar step procedure in the integration of equation
(#1) must be used and follows the same method as set forth for A /4
This will not be dome here.

Some difficulty is encountered in determining when the plane of the
flat plate cuts the sunlit region in the vicinity of the terminator. For
a giwven and h to determine wheth:r intersection of the plane and
terminator occurs, the 9% for the plane with k 2 © to be tangent to
the terminator was calculated

4 =.fczna"”(: R3O j)
\, |

[+ HZ 2RNcoS D, : (14)

wvhere @2 = 7%."95-

The maximum possible ' without intermection with the sunlit area was
then calculated.

ro = 00 . (75)

Cﬁrrrelponding to this point is a %. that is calculated from

b, - % s (dp&n g 60)

(76)

For a given ég the ]imitingrl- for intersection of the plane of the
flat plate with the terminator was calculated from

Viiw = %2 = ( r,;:;) P

This is not an exact determination of the YW for tangency of the plane of
the plate with the terminator circle however, the error introduced is small.
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The heat flux integrals are heing i1ntegrated numerically on an
IPM 7090 computer. The resulta will he dasplaved in Supplement A

as the peometric factnr(ﬂ/P‘,‘;&) as a function of altitude with the
three angles, f?g)JA and @, as parameters. A number of sheets will be

required to fully display the data. Each sheet will he for a constant
¥y and gz: .
The albedo data for a flat plate is also useful in determining
albedo to an irregular surface. The irregular surface may he approxi-

mated by a scries of flat plates and the alhedo input is ohtained by
summing the individual values for each of the flat plates,

As for the other shapes considered the flat plate geometric factors
may be applied to other planets using the correction factors of Table 1.
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IV, Use of Natural Environment Data

As can be seen from the foregning sections., the curves presented
in Supplement A or the data tabhulated in Supplement B give a complete
mapping of space thermal radiation envirnnment throughout the solar
system, The data can he umed directly to give the total external heat
load, comprised of direct sanlar radiation, planetarv alhedo and thermal
radiation, to a vehicle of a spherical, hemispherical, evlindrical, or
flat surface shape located any where in space, In addition, anv other
shape can he evaluated by crmbining these shapes nnd/or building up a
composite of flat surfaces to closely approximate the desired vehicle
geometry,

It may be noted, that for distances from the plancts greater thtan
three diameters, the alhedo and thermal radi-tion loads drnap te about
one percent or less, of their values close to the surface, Consequently,
bevond these altitudes, these factors can for practical purposes
generally be neglected, This fuet, coupled with the increasing influence
of planetary shadowing of solar radiation at low altitudes, makes the
thermal analyais of close satellites more complex, bv far, *han for the
case of interplanetary space.

The curves given in Supplement A are intended for use when manual
computation is invelved and to provide a pictoral comparison of the
effects of changes in the variables controlling the heat loads. The
tabulations given in Supplement B are intended for use as computer input
data for automatic digital cosmputers. It is expected that a trajectory
program will be used to determine vehicle position and orientation in
space as a function of time, and the incident rudiation can thes be
automatically computed using the table look-up data and the vehicle
geometry.
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B. Induced Thermal Environment

For purposes of this report, the induced thermal environment cen-
sists of the thermal conditions imposed upon the vehicle due to the
operation of the vehicle, its crev and equipment. It includes the heat
loads generated by communication systems, vehicle guidance, attitude
control and propulsion equipment, personnel and ecological systems, and
whatever additional equipment and instrumentation are required for
performance of the required military or scientific task.

In the case of heavily instrumented vehicles, this induced environ-
ment can become a most important factor in the thermal analysis of the
vehicle. It may, in fact become a prime factor in determining the
vehicle size,configuration and surfiace condition, as the hest muist be
dissipated if safe operating temperatures are te prevail. Consequently,
in establishing a basis for the studv of envirenmental control techniques,
an investigation into the induced heat loads which mav be expected inm
future space craft is fully warranted. Unfortunately, howéver, due te the
uncertainty of future space vehicle demands and the continuocusly and
rapidly changing state of the art, such an investigation must, at bhest,
be only very generalized in nature. The study given in this repert
describes the major sources contributing to the vehicle induced heat load
as thev appear currently, with a discussion of the thermal contributioa
which they may be expected to make in the future.

Three basic types of communication systems are considered necessary.
Coded traswission will require the smhllest power supply. This pever
will be increased approximately one hundred times for voice transmissien
and about one hundred theusand times for television transmission. Each
will have a power supply requirement varying as the square of the distance
along which the signal is transmitted. (Based on this, it may be gemeral-
iZed that the heat radiating sections of a vehicle should have linear
dimensions roughly proportional to the distance of transmission). It is
clear them, that transmiszion system power supplies may well vary frem
one to wmillions of watts with a corresponding magnitude of effect upen
the heat dissipation requirements.

Currently available radio guidance systems are capable of placing a
package on the moon with an accuracy of the order of 100 miles. However,
applying these systems to Venus or Mars shots, misses by sacveral theusands
of miles could be expected. Connsequently, mid-course and terminal
guidance systems are required. The complexity of these and complementary
systems, needed to provide adequate vehicle spatial attiude, te actuate
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senseors, computers, programmers, and aesacianted equlvment, wiil require
electrical power far greater than the average current estimates of
20 watts for unmanned satellites and 50 watts for elemental manned vehicles.

Power supplics which may bhe required for the payvload and/or instru-
mentstion equipment to be us m militarv and scientific exploration
vehicles cannot, at presemt rlv defined. due to the uncertainty
concerning the tvpes of e required accuraciea. Ahout the A
hest that can he said in e most part it appears that they will
be designed for intermittest ratinn, implving that their average heat
loads may be expected to he relatively low.

For manned vehicles, in space, the cahin must provide all the physio-
logical necessities that humans find on the groumd. Vital requirements
of oxygen, water and food, and a safe elimination or neutralization system
for dispoesing of metaholic preoducts will Aemand electrical power which
wiil he largely a function of the over-all duratien under space conditions.
The operational ecological system includes al) the necessary units feor
maintaining safe pressurizatinn in the cahin as well as continual cemtrel
ever temperature, humiditv, dust, oders, microorganisms, illuminatien,
fire hazards and other potential dangers. Missions up to ahnut one week
in space could be accomplished efficiently using storable products for
man's sustenance, if only two or three wen are concerned. For longer
periocds, up to adbout ene month, a system of at least partial regenerution
should be used. This will increase the over-all power requirement.
Trips of mere tham ten weeks in the space must huve a completely re-
generative system, making & very significant increase in required power.
Seme authors give appreximate values of 10, 100, and 1000 watts per man
as estimates of pewer required for the three mentioned ecological syatem
appreaches.

These estimates, along with many others in this section of the repert
are based upon what is comsidered to be the bdest currently aveilable ins-
fermation, but evea se must be taken to be onlv approximatiens, as me
complete designe exist feor mest of the future missions. Many concepts are
still vague, and the efficiency of most of the systems to bhe used is ua-
certain and will undeudtedly be improved many timecs before their utilizatiea.
As an example, estimates of the future state of the art in communications
previde values of slightly over 300 watts for televisionn picture trame-
missiens frem Mars, as coumpared with the hundreds of millione as should be
required teday for wminimum picture quality.

fumans living in the space capsule will provide additional heat loads
depending upon their activity during flight. A gond, all day, average
estimate appears te be 500 Btu/hour-man. (Ref. ). This is based in part
on data ia Table 2, which was taken frem Ref. §.
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As has been pointed owt, the heat dissipaticrn hy the vehicle com-
ponents Are not lineal functions of specific growing parameters of future’
miasions. Some of them depending upon distance tn the earth, others on
the over-all duratirn of flight. And, of course, the numher of crew
memhers decisively effects the vehicle internal heat load. Cansequently,
it is clear that a precise parametric study of induced thermal envirenment
similar to that generated for the natural thermal environment isa net
possible, There is included however, in Tahble 3, a graphiec summary, eor
analveis, of the expected ranges of internal heat loads as a function of
the tyvpe of mis<ion. Thia graph is hnsed on a general compilatinn of
estimates made by a numher of authors, primarily those in References 7,

8, and 9, The separate reginns in this graph show the characteristie
steps which may be expected in the apace program. It is felt that this
background information will provide a basis for the estimation and
evaluatirn of environmental control svstems which must be considered in
the design of future space vehicles.

e
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Table 2
Estimated Daily Energy Expenditure
Tor an Average Man in a Sealed Cabin
Condition Duration Energy Expenditure
(hr) (cal/hr) (%cal/day)
Sleep 8 65 520
Light work 150 1200
Rest sitting 5 100 500
Reat laying 1 80 80
Light exercise 1 200 200
Heavy exercise or sork 1 500 500
Total 24 3000

FGEM ND A-T02-1
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